This discrepancy is analyzed and discussed employing charge transfer multiplet calculations for the Fe 2p XPS spectra. We find that Mg ion segregation from the substrate into the magnetite thin film replacing octahedrally coordinated Fe 2+ ions and the excess occupation of octahedral sites which are unoccupied in the ideal inverse spinel structure are driving forces for the altered shape of the Fe 2p XPS spectra. Different potential models which might explain the nature of the Mg ion segregation into the magnetite films are discussed.
I. INTRODUCTION
Among a huge number of transition metal oxides, which display a remarkable variety of unusual transport properties and collective ordering phenomena 1 5, 6 .
The exact knowledge of the nature of the Fe 3 O 4 surfaces and interfaces between magnetite and substrate are essential for the design of potential tunnel magneto resistance (TMR) building blocks 5, 7 . As to the surface structure of magnetite, several models were presented for both A terminated and B terminated surfaces. For instance, an early model presented by Chambers et al. assumed that the magnetite surface is A terminated and half of the regular A sites which are usually occupied by Fe 3+ ions are not occupied 8 . Therefore, this model explained in a quite "natural way" the ( √ 2 × √ 2)R45
• reconstruction well known for magnetite. In the meantime, however, more sophisticated models have been developed on the basis of calculations Density Functional Theory (DFT) [10] [11] [12] [13] [14] . These models have been verified by several experiments including Grazing Incidence X-ray Diffraction (GIXRD) and Scanning Tunneling Microscopy (STM) 10, 15, 16 . The main ingredients of this model are, firstly, charge ordering in B subsurface layer inducing alternating Fe 2+ and Fe 3+ dimers forming a ( √ 2 × √ 2)R45
• pattern (cf. Fig.1 ). This charge ordering is, secondly, accompanied by a Jahn-Teller distorted anti-phase ordering of the Fe surface ions. In addition, the Fe surface layers is Fe 3+ rich as reported from previous experiments with X-ray Photoelectron Spectroscopy (XPS) and X-ray Photoelectron Diffraction (XRD) 8 .
MgO (cubic rock salt structure, a=0.42117nm) is one of the most promising substrates for epitaxial thin film growth of magnetite due to the rather small lattice mismatch of only 0.3%, comparing the oxygen sublattices. Also, magnesia is commonly used as the barrier 
II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The experiments were performed in a multi-chamber ultra high vacuum (UHV) system with a base pressure of 10 −10 mbar. The XPS system consisted of a SPECS XR50 x-ray source providing Al K α 1,2 radiation at 1486.6 eV and a PHOIBOS 150 hemispherical electron analyzer with a resolution of 1 eV. LEED images were obtained with ErLEED 150 optics.
Polished MgO(001) substrates (miscut < 1 • ) were cleaned in-situ by annealing for one hour at 700 • C in 10 −4 mbar oxygen atmosphere. Afterwards purity and quality of the substrate surface were checked by XPS and LEED prior to film deposition.
An iron oxide film was prepared in two steps. First, a pure iron film was deposited by molecular beam epitaxy (MBE) from an iron rod heated by electron bombardment. The amount of deposited material was monitored by a balance quartz. The MgO(001) substrate was held at room temperature during deposition. XPS showed that the Mg 2p signal from the substrate was completely suppressed, thus the deposited film was at least 5 nm thick.
Also careful analysis of the Fe 2p spectrum showed no signal of iron oxide was observed at this stage, indicating a pure metallic iron film.
The iron film was then treated in 10 −6 mbar oxygen atmosphere at a temperature of 300
• C. This process was performed in cycles of one hour of oxygen exposure followed by XPS and LEED measurements. Because of the insulating character of the substrate strong charging effects were observed in the photoemission (PE) spectra. Therefore, the recorded PE spectra were calibrated to the binding energy (BE) of the O 1s signal at 530 eV. In the CTM calculation in addition to the Coulomb interaction the correlation energy (U) between two d electrons, the oxygen 2p to metal 3d charge transfer energy (∆) and the oxygen 2p to metal 3d hybridization energy (T ) are explicitly taken into account. Correlations between the parameters and a set of values able to describe experimental data of Fe 2p PE spectra were discussed previously 34 . We therefore limit our analysis to the literature values of these parameters as presented in Table I . Following Fuji et al. 34 the crystal field strength was fixed at 1 eV for octahedral symmetry because this parameter had only minor influence on the spectral shape. In tetrahedral symmetry the sign of the crystal field is reversed. 
• reconstruction has formed. The appearance of this reconstruction shows that the film structure has changed from the bcc lattice of α-Fe to a more complex structure with a larger unit cell size. In particular, the observed reconstruction is usually associated The PE spectra of the Fe 3p region during oxygen exposure are given in Figure 4 . The spectra were taken at one hour intervals during oxidation (equivalent to exposure intervalls of 2700 L). The Fe 3p peak is shifted by 3.5 eV to a higher BE. after the first oxidation step. In addition, the O 1s photoemission intensity has also been analyzed (not shown here). Compared to the cation PE intensities the O 1s intensity is constant. Finally, we can conclude that the oxide film has the Fe:Mg:O stoichiometry of 1:1:3. These observations show that the film is completely oxidized to a depth of at least a few nm. Changes in the spectral shape of the Fe 3p peak can not be observed for prolonged oxidation. CTM calculations has to be performed to explain these discrepancies.
CTM theory allows the calculation of PE spectra for each metal site in a crystal lattice individually. This is demonstrated in Figure 6 . In stoichiometric these satellites are located closest to the fundamental peaks (∆E ≈ 6.5 eV). The energy separation is slightly larger for trivalent octahedral sites (∆E ≈ 7 eV) and is largest for the tetrahedral site (∆E ≈ 9 eV). A stoichiometric summation of the three CTM spectra results in the expected magnetite spectrum without any distinct satellite due to superposition.
However, if one incorporates Fe vacancies in the oxide film, one or more of the sites will have a decreased contribution to the total spectrum and their superposition leads to drastically altered spectra. We will now demonstrate that this is the reason for the observed changes in the Fe 2p spectra presented in Figure 5 .
We start our analysis on the common assumption that Mg 2+ ions gradually replace some of the Fe 2+ ions on octahedral lattice sites in the film to keep the charge neutrality of the structure. Then the contribution of the respective Fe site in the superposition of the CTM spectra is decreased depending on the ratio of substituted ions. The individual CTM calculations themselves are not influenced because they are independent of neighboring metal sites and only depend on the oxygen ion environment. weak apparent satellite at 718 eV. We have also to conclude that there must be many Mg
2+
ions on non-regular sites of the inverse spinell because that the Mg:Fe ratio is in the order of 1 : 1 as concluded from the Fe 3p and Mg 2p spectra.
In the next step we therefore assume that Mg also influences the Fe occupation of other lattice sites as well. To be more specific, we assume that all occupied octahedral and tetrahedral sites may be influenced by the interdiffusion of magnesium. tet sites was fixed to 40% and 100%, respectively. We characterize the quality of the calculated spectra by comparing position and intensity of the calculated Fe satellite to the experimental data. Obviously many unphysical combinations of CTM spectra yield unrealistic spectral shapes, especially if the ratio of Fe on Fe 3+ tet sites is also allowed to vary. Following these aspects we obtain percentage regions that result in good agreement between calculation and experiment. This is shown in Figure 9 where different exemplary calculated spectra are compared to the experimental spectrum obtained after one hour of oxygen exposure. A good agreement (cf. Figure 9 A A similar analysis of the spectrum obtained after five hours of post deposition oxidation is presented in Figure 10 . Exemplary calculated spectra for different Fe ion occupations of octahedral and tetrahedral sites are shown and compared with the measured spectrum. The
Fe ion ratios used in Figure 10 are given in Table III . In this case best results are obtained Figure 9 . The first row gives a good fit between calculation and experiment, the last three rows give wrong spectral shapes. Figure 10 . The first row gives a good fit between calculation and experiment, the last two rows give wrong spectral shapes.
for the normalized ratio between Fe on Fe and Fe ions and to additional cation sites that are be generated by continuing the oxidation process. This will be discussed in more detail below.
V. DISCUSSION
The segregation of Mg 2+ ions from a MgO substrate into an iron oxide film is widely discussed in literature 19, 29, 33, 36 . Commonly, it is assumed that these Mg 2+ ions exclusively replace Fe 2+ ions which occupy only octahedral cation sites of the inverse spinel structure of magnetite and thus, creating a Mg XPS signal. Further it is assumed that during the intermixing process the Fe 3+ ions stay on the octahedral and tetrahedal sites where they are located in the magnetite structure. Thus, the stoichiometry of this Mg ferrite structure can be denoted by Mg Here, we assume that Mg 2+ ions are only located on octahedral sites. We like to emphasize that our analysis is not sensitive to the coordination of Mg ions. In principal, these ions may also be situated on tetrahedral sites. However, this site seems to be quite unrealistic since Mg 2+ exclusively occupies octahedral sites in both structures MgO (rock salt structure) and ferrites (inverse spinel structure). As described above only half of the octahedral sites are occupied by cations in the inverse spinel structure. Therefore, it seems to be obvious that excess Mg 2+ ions can be placed on the vacant octahedral sites of the inverse spinel structure (cf. Fig. 11(a) The stoichiometry after the first oxidation step is presented in Fig. 11 (b Fig. 11 (c) ).
In addition, our analysis shows that the apparent content of the MgO phase decreases during the formation of Mg ferrite. Assuming that the detected Mg XPS signal is due to parts of the MgO substrate which is not covered by the ferrite film, one has to conclude that the de-wetting process observed for the ferrite film with low Mg content is reversed and that the ferrite film with high Mg content spreads out. This effect implies that the surface energy for the ferrite film with the high Mg content is smaller than the surface energy of the film with low Mg content. Although we did not find any report on the surface energy Fig. 11 (c) ) as well as for intermediate intermixed structures (cf. Fig. 11 (b) ). This result differs from (1×4) and (1×3) superstructures previously reported for magnetite films after Mg surface seggregation 29, 36 . However, in these studies the magnetite films also deposited on MgO(001) were annealed at much higher temperatures and at different oxygen pressure. Thus, their formation may be attributed to additional high temperature diffusion effects or vacancy formation while the ( √ 2 × √ 2)R45
• superstructure is stable for moderate oxidation temperatures as used here.
This observation immediately shows that the formation of Fe 2 O 3 in form of maghemite is rather excluded, since maghemite does not exhibit a ( 
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